We reveal the classical and quantum regimes of free electron interaction with radiation, common to the general variety of radiation sources (e.g. FEL, Smith-Purcell), Dielectric Laser Accelerator (DLA) and Photo-Induced Near-Field Electron Microscopy (PINEM). Modelling the electron with initial conditions of a coherent quantum electron wavepacket (QEW), its topology in phase-space uniquely defines a universal distinction of three interaction regimes (and their particle-wave duality transition): point-particle-like acceleration, quantum wavefunction (PINEM), and a newly reported regime of anomalous PINEM (APINEM). The quantum interference beat of APINEM is capable of improving the spectral resolution of post-selective electron microscopy, and the particle-wave duality transition reveals the history-dependent nature of quantum electron interaction with light.
Here we address a large class of light-matter interaction schemes and devices, in which free electrons are stimulated to emit/absorb light quanta (i.e., photons) when interacting with a coherent radiation field (laser beam). This class of radiative interactions includes numerous schemes of radiation sources and laser accelerators, such as Free Electron Laser (FEL), Cherenkov radiation [1] [2] [3] , Smith-Purcell Radiators (SPR), Cherenkov radiation, Transition Radiation (TR) [6] and Dielectric Laser Acceleration (DLA) [1] [2] [3] [4] [5] [6] [7] [8] . On the other hand, this class also includes the advanced ultrafast electron microscopy schemes of Photon-Induced Near-field Electron Microscopy (PINEM) [9] [10] [11] and coherent manipulation of quantum wavefunction with light [11] [12] [13] .
The PINEM-kind schemes are based on a quantum process of multiphoton emission and absorption of light quanta (  ) that takes place simultaneously when an electron wavefunction passes through the near field or the confined plasmonic excitation field of a nanostructure, nano-tip or foil, illuminated by an ultrafast laser beam pulse [4-5, 11-13, 18-19] . This can be described as a stimulated TR process, in which the monoenergetic spectrum of the passing-by electron develops discrete symmetric photon sidebands, spaced  apart (  is the frequency of the incident laser field) due to discrete energy quanta emission and absorption from the incident radiation field. In order to distinguish the energy sidebands in the PINEM spectrum in the quantum mechanical operating regime of electron-photon interaction, one must require that the photon energy spacing of the sidebands exceeds the energy spread E  of the beam [9, 14] :
This condition is equivalent to the "large recoil condition" for quantum FEL [14, 20] where 0 v  is the emission/absorption electron quantum recoil momentum, and 0 p E v    is the energy momentum spread, v0 is the electron group velocity.
In this letter, we refer to the entire class of all of these free electron stimulated radiative interaction schemes (Fig.1a) , and report the operating characteristics of a hitherto non-investigated light-matter interaction regime, where the electron is not presented as a plane-wave, as in conventional quantum FEL [20, 15] and PINEM [9] [10] [11] [12] models, or as a point-particle, as in classical electrodynamics models of FEL [2, 3] and accelerators [4, 5] , but instead as a finite duration and finite energy spread coherent Quantum Electron Wavepacket (QEW) (e.g., a Gaussian envelope wavefunction) satisfying the minimal Heisenberg uncertainty:
is the standard deviation of the wavepacket energy (momentum) and The free propagation of the QEW leads to spatial stretching in the axial dimension, accompanied by energy (phase) chirping effect. This expansion suggests a different condition for operating in the quantum (PINEM) regime, where the wavepacket, long enough, acts as a plane wave with no phase relation to the light wave -the "long wavepacket" condition [17, 20] :
Here 0 vc  and  is wavelength of light. In order to understand the validity ranges of these two different quantum limit conditions (1-2), it is most instructive to present the electron at entrance and after interaction in an energy-time (E-t) phase-space, as shown in Fig.1 , or in the corresponding momentum-space (p-z) phase-space. Based on the topology of the electron distribution in this phase-space, we report here distinction between three universal operating regimes, common to all light-electron interaction schemes: Acceleration, PINEM and anomalous PINEM (APINEM). This distinction depends solely on the initial conditions of the wavepacket, and the phase-space presentation demonstrates the transition of these schemes from the point-particle classical regime to the quantum regime. We thus define (here in p-z phase space) the Wigner Distribution (WD)
representation of the QEW [15] , i.e., First order perturbation analysis -In a first-order perturbation solution of Schrodinger equation (see supp. A), the perturbed wavefunction after interaction, is given in momentum space as: 
is the intial Gaussian WD, rescaled by normalization
(1 ), (11) W is the scattered term, and
is an interference term between the zero order and the first order scattering term of the wavefunction. Keeping this interference term, which has been neglected in previous quantum analyses, is a pivotal methodological step in this work, since it is essential for the identification of the APINEM effect and the point particle to quantum transition in the QEW regime. ), and this area stays constant under the horizontal stretching transformation of drift before interaction. For QEW entering the interaction region at its waist, namely as an erect ellipse with no chirp (Fig.1b&d) , the phase-space topology leaves only two qualitatively different scenarios. In one case (Fig.1b) produce the PINEM-kind multi-sidebands energy spectrum as shown aside the WD picture. On the other hand, in case (1d), where the vertical projection corresponds to a point-particle-like wavepacket with distinguishable phase relative to the radiation wave, the horizontal projection of the distribution produces a point-particle-like acceleration spectrum of the classical limit.
Fig.1: Illustrations of PINEM, Acceleration and APINEM processes in phase space representation before (broken-line ellipses) and after interaction (positive-red, yellow, negative-blue) and their momentum distributions (EELS spectrum). (a) The universal light-electron interaction scheme. (b-c) PINEM with quantum fringes in-between
If the electron arrives to the interaction region after drift (Fig.1c&e) , the stretching transformation of free drift produces a chirped long wavepacket distribution at the entrance to the interaction region (slanted broken line ellipse extruding horizontally out of the quantization box), satisfying in both cases the "long wavepacket" PINEM condition (2) . In case (1c) this condition is still kept consistently with the "large recoil" condition, since the momentum 0 p  does not change in drift,
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and consequently the horizontal projection of the post-interaction WD produces the conventional multi-sidebands PINEM spectrum as in (1b).
Of special interest is the case (1e), where the narrow QEW distribution of (1d), stretching due to drift before entering the interaction region, satisfies the long wavepacket condition, but violates the conventional PINEM quantum recoil condition (1). Nevertheless, the horizontal projection of the post-interaction distribution produces an (anomalous) sidebands APINEM spectrum, indicating that the large recoil condition (1) is not a necessary condition for the quantum limit in the QEW regime, and APINEM can be generated in the intermediate regime
However, the nature of this APINEM spectrum is quite different from conventional PINEM. The projections of the phase-space displaced branches, overlap in both dimensions, and the APINEM spectrum is a result of their coherent quantum through the mixed first-order term in Eq.5. This produces density modulation in real time and space dimensions with period T (  ). In the energy (momentum) vertical dimension the horizontal projection of the slanted post-interaction WF, modulated at frequency , produces PINEM-like interference fringes of approximate period:
We that is synchronous with the electron 0z vq   . We solved this equation both by first order perturbation theory and by exact numerical computation for the different initial conditions [17] .
The third term in the WD together with the first term (zero-order) (3) result in the conventional PINEM spectrum (with only two sidebands in first order perturbation analysis). This corresponds to the quantum plane-wave (PINEM) limit (Fig.1b&c) , where We draw attention now to the second interference (phase-dependent) term in (3), which is most important in our analysis, because it is the only contribution that can produces the APINEM spectrum effect (Fig.1e) , observed in this work, and the 'point-particle-like' acceleration regime [17] ( Fig.1d ) (see Supp. A):
(z, p, t) dz which the QEW displays discrete PINEM-kind sideband energy spectrum (the "PINEM" regime - the near field of a grating that we have analyzed earlier with semiclassical [17] and quantum electrodynamics formulations [16] .   , consistent with [17] .
The new APINEM case is demonstrated in Fig.3c for the same parameters of It is necessary to stress the significance of the quantum interference fringes in producing the PINEM and APINEM spectra. In the APINEM case (1d), the multi-sidebands spectrum is generated due to the horizontal interference of fringes that are generated by the mixed interference term in ( Measurement Limits -For practical measurement of the energy spectrum of individual electrons, an ensemble of particles or interaction event measurements has to be accounted statistically in an energy spectrum analyzer. This requires averaging of the single electron spectra over a classical statistical distribution of the ensemble that depends on the electron source (cathode temperature, gun voltage stability etc.) [17, 21] , and thus adds an extra classical uncertainty term ( part  ) into the electron beam ensemble spread
. While in the single QEW regime, the APINEM quantum interference regime (Fig.2) exists for E0    , in violation of the large recoil condition (1), it is evident that the interference pattern would wash out in an ensemble, unless E,part    . Therefore, the ensemble should satisfy E,part E0    . Since in conventional cathode electron guns (perhaps with the exception of some exotic electron sources [22] ), the situation is opposite (the classical ensemble energy uncertainty is dominant), a preselection phase-space filtering process is required to build up the required ensemble. Furthermore, both the APNEM and particle acceleration are phase sensitive, and require phase-locking of the electron entrance time to the interaction region relative to the laser 0 0 0 t 2 , ( t T)        . Thus, the transition from the acceleration regime to APINEM and PINEM regimes, can be demonstrated experimentally only with a properly preselected ensemble of electrons in phase-space. Such may possibly be realizable with advancement of single electron wavepacket phase-space control and filtering based on optical (or THz) streaking techniques [18] [19] .
Conclusion -In this work, we have revealed the different classical and quantum interaction regimes of free electrons with radiation. These are uniquely determined by the topology of the coherent (minimal Heisenberg uncertainty) QEW in phase-space representation: point-particle-like acceleration regime, near-field photo-induced interactions (PINEM) regime, and a newly reported anomalous PINEM regime. The model demonstrates the transition from the classical point-particle to quantum wavefunction interaction regime, thus resolving the particle-wave duality question in the context of radiative interactions, and assigning measurable physical reality to the historydependent dimensions of the interacting electron wavefunction.
